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A SIMPLIFIED LIFE-CYCLE COST COMPARISON OF VARIOUS
ENGINES FOR SMALL HELICOPTER USE

by Kestutis C. Civinskas and laurence H. Fishlach

U.5. Array Air Mobility Research and NPeveloprment ! aboratory
and NASA - Lewis Research Center

ABSTRACT

A ten-year, life-cycle cost comparison 1is made of tte
following engines for small heliconpter use: simnle
turboshaft ; regenerative turboshaft ; compression =ignition
reciprocator ; spark - ignited rotary ; and sparl = ignite
reciprocator. Based on a simplified.analysis and somevbat
approximate data, the simple turboshaft ensine apparently
has the lowest costs for mission times up te just under 2
hours. At 2 hours and above, the regenerative turboshaft
appears promising. The reciprocating and rotary encines ~re
less attractive, requiring from l1U percent to &0 percent
more alrcraft to have the same total maylead canal ility as
2 given number of turbine povered craft. A nomnoram yvas
developed for estimating total costs of engines not covere:
in this study.
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A SIMPLIFIED LIFE-CYCLE COST COMPARISNM OF VAP|INUS
ENGINES FOR SMALL HELICNPTEPR USF

by Kestutls C. Civinskas and Laurence H, Fishhach

U.S. Army Alr Mobllity PResearch and Pevelonment !aboratory
and MASA - Lewls Research Center

SUMMARY

A study was performed comparing various powerplants for
possible use In Army utility hellcopters. Fnesine types
Iincluded the simple turboshaft, a regenerative turboshaft, »
compresslon = ignition vrecliprocator (Niesel) , a snarl -
ignited rotary , and a spark - ignltecd reciprocator (Ntto),
Engine sizes examined were 1In the 500 - 200N HP ranec, It
was assumed that 1 HP of Installed engline power could 1ift 7
Ibs of gross welght, This, plus some assumed eneine
speclfic welghts and fuel consumption rates allowed an
aircraft weight brealkdown to be determined for each enrine
type. Based on the payload fraction corresnonding to each
engine type, total numbers of alrcraft vere calculated that
had the same payload carrying capability ar 1000
turbine-powered alrcraft, U'sing sore rough estimates for
airframe, engine, and engine overhaul costs, the final
comparlison was based on 10-year 1lfe-cycle costs of aircraft
depreclation, fllight crevw, engine malntenance, and fuel, A
sensitivity study was done with engine HP, mission duration,
annual utlllization rate, 11ft/HP ratlio, and fuel nrice, A
graphlcal technique was developed for estimatine the
llfg-cycle costs for engines not explicitly covered 1in the
study,

The mission was to crulse for 1 hour at 100 knots and 100D
feet altitude, and land with 10 percent fuel remalning, For
this 1 hour utllity mission, no engine showed an ardvantare
Iin 1lfe=cycle costs over the simple gas turhline, Pue to
thelr lower payload fraction, the recliprocatineg and rotary
engines requlired 10 percent to 80 percent more alrcraft than
the simple turboshaft, thus eliminating thelr advantane in
Initial cost and specific fuel consumption (SFC), The
regenerative turbine's fuel savings did not justify |Its
higher welght and cost untll mission time was increased ton
about 2 hours,




INTRODUCT I OM

The simple gas turbine engine can be characterized ty lowv
specific welght and high rellatility , but compared to other
current englines It Is expensive and suffers from relatively
high part = power fuel consumption, The cost of a
helicopter turboshaft eneine can sometimes amrunt teo 20
percent of the acquisition cost of the vehicle, As the Army
operates a large number of turbine - powered helicopters, &
study was undertaken to examine and compare snme alternative
poverplants,

Engines 1included In the study were the turboshaft , a
compression = lIgnitlon reclprocator (Plesel), a snarl -
ignited rotary, a spark - ienited reciprocator (Nttn), and a
regencrative turboshaft. The hase or reference ensine size
vas 1000 HP, This was perturbed over the ranse suitable for
utility hellicopters, 500 - 2000 HP, The study vas done from
the viewpoint of an operator who wants to be atle to carrv o
certaln total payload at any given time, The final
comparlison vas then based on 1life - cycle alrcraft
depreciation, engine maintenance, and fuel coests for crouns
of aircraft vith the same total carryineg capaclity of 1000
turbine - powered craft, In addition, a sensitivity study
was done with mission duration, yearly utilization, enrine
size, and fuel costs, A nomogran was develoned for
estimating vrelative costs of any engine not explicitly
covered In the study,
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ANATYSIS
Mission

The misslon was to crulse for 1 hour at 100 knots and LONDD
feet altitude, and laad with 10 percent fuel vremalnine., The
engine power setting at crulise was taken to he G0 nerennt of
max imum power,

Welght/Power Pelation

Upon plotting some hellcopter gross weight and fnstalled
power data from references 1 and 2 (see fig, 1), It apnears
that 1 HP (horsepower) can 1ift 5 to & 1ts, This number is
primarily a function of rotor characteristics, se for a
specified cngine size, alrcraft pgross vvelrht 1s the same for
all engine types. The hligher of the tuvo values shown on
figure 1 (8 1b/HP) was chosen as representinr mare a-dvanced
technology. This parameter ias later pnerturted in the
sensitivity study to show the effect of varyine rotor svstem
technology.

Alrcraft Vleleght

Gross welght was divided into alrframe, eneine nlus
transmission, fuel, and payload wvelghts. The assumed
schedule of turboshaft engline welght vith HP(*) is shown In
figure 2, together with some data peints from reference ?
for current turboshaft eneines. Rased on an  ontimum
effectivencss of G5 percent , the reecnerative enecine vas
estimated as 40 percent heavier than the simple turbeshaft
(ref, 3). The current (1970) specific weight schedule for
reciprocating, spark=- ignlted enrines is plotted in figure 3
from englince data In reference 4, Also shewn iIn this firure
are tvo curves of alr- and Viquid- cooled enrines frem
reference 5 (1944), Comparlng the 1944 and 1070 curves of
air- cooled engines, 1lttle Improvement can Fe seen In
specific weight over the |IP ranre of Interest, The schedule
used fer the study presumes a 20 percent Imnrovement in the
specific welght of the spark= lgnited recliprocatine enrmine,
Specific weight data from references C and 7 for advanced
military O[Dlesels 1Is plottad in fieure 4, These eneines
contaln a Frreat deal of aluminum construction ond
Incorporate features such as sunerchargine,after=- conline,
and varlable- compression ratio nistons, They renrecent the
best of wvhat Is currently avallable in very hiegh oauntnut
(VHO) Diesels, It could be argued tiourh, thot sinee these

* all references to enfsine poawer and GFC are bhased on  MET
power; i.e,, less coolling and aceessory Arlve
requli rerents.,
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engines were designed for ground velicle applications,
speciflic wvelght was not as great a concern as It 1is for
aircraft, To allow somevhat for thls, the veight schedule
for an alrcraft type DNiesel was obtalned by addinpg 1 1t./vp
to the VHO curve (for coollnr system and senerateor) and thken
reducing the result Ly approximately one- third, The stury
diesel was assumed liqulid = cooled, The rotary eneine's
specific welght Is shoun in firsure 5, with some data nninte
from references 8 and 9. It vas assurmed to bhe liquid -
cooled, spark = Ignited., The rotary's specific veiglt 1is
roughly two- thirds that of a reciprocatine enmine's, It is
assumed that 1iquid -~ cooled enrine welghts inclurde conlant
and radiator, and that all eneines include the <came
accessorles, A nomogran Includerd in this renort enatles the
reader to choose his own engine specific wveinhbt and
recalulate some of the results, Transmission nlus drive
traln welght 1is shown In figure 6, based on a snecific
weight of 0,55 1L/HP for the turbashaft case (ref, 19), The
reciprocating and rotary engine transmissions would require
fever stages of reduction but because of the periondic nature
of their output, heavier gear construction {s lilely, The
first effect was thought to Le dominant and these enrines
vere allowed a lower transmission welght sckedule (0,45
1L/HP)

Alrcraft enmpty welght (including powerplant and fuel tanls)
vas estimated to te 52 percent of eross veight for the
simple turbine case, Figure 7 shows the assumed schedule and
some data points from reference 1, Alrframe velghts were
adjusted to account for different fuel tanl capaclties and
engine mounting, A fuel tank weight schedule (fie, £) \vas
derived from data In reference 3. Engine mounts vere assumed
to be 3 percent of the englne vweight for a mas turbine, This
was doubled for the rotary and reriprocating eneines to
account for the higher torque, The effect that fuel leoad
and engine welght had on the baslc alrframe structure :as
ignored,

The study hellcopter was assumed to have a constant - sneed,
variable = plitch rotor system, Fuel lonard vias calculated for
a 1 hour crulise, Since a hellecopter derives added rotor 11ft
from forward veloclity , It can crulse at atout €0 perreent
povier (ref, 3). The part - power (60 percent power at 109
percent speed) SFC's are shown in figure 9, The gas turbine
part power performance Is at a level representine the hest
of what 1Is currently avallable (ref, 11). (Pef. 11 s
classifled, but the Information used In this study !s
unclassifled). The regenerative turbline AFC vas laserd oan the
improvenent shown 1In reference 3 of a reaenerative cycle
over a simple cycle, This arain is for optimum effectivennss
of 05 percent, The rotary's SFC was estimated from data in
references 8 and 9, The DNlesel's part = nower fuel
consumptlion was based on data 1t reference 7, A fuel
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reserve allowance of 10 percent was Included for all
afircraft, Tabie X summarlzes the assumptions and results of
the weight calculatlions for the 1000 HP basc case,

Number of Alrcraft

The 1ife of the alrcraft was taken to be 10 years, vith a
utilizatlon rate of 600 hours/year, Attrition rate, the rate
at which atrcraft are lost, was 5 per 100 000 fllght hours,
Maintenance float factors (the percentare of alrcraft
unavailable due to maintenance) were adjusted from the value
used In reference 3 to reflect different mean times hetveen
unscheduled englne removals (MTBUR) and mean times betieen
overhauls {MTBRD) . A simplifylnn assumption Is made
regarding the attritlon alrcraft, Althoupgh these alrcraft
losses would actually be spread out over the 117 vyear
1ifetime, they are treated according to reference 3, as if
they all occurred on the day of dellvery, The sum of
attritlion alrcraft, maintenance flonat, and operational
alrcraft equals the total number of production aircraft,
Total payload capabllity was based on the operational
alrcraft number, Table II summarlzes the assumptlions and
results of the number of alrcraft calculations for the 1000
HP base case,

Costs

Aircraft operating costs are generally made up of five
components: flight crew, fuel, maintenance, denreciation,
and liInsurance, Insurance, of course, does not anply to
military alrcraft, Life- cycle costs of denrecliation, ennine
maintenance, flight crew, and fuel viere considered, Assumine
Zero salvage value, lifetime depreciation equals Initial
cost.,

The engine Inltlal cost schedules are shown In flgure 10,
Turbine costs were based on some actual enesine cost data and
on curves from reference 12, The vrerenerative turbine's
increased cost was bascd on reference 3. Nf the internal
combustion englnes, the Dlesel wvas taken to he the most
expensive, and the Otto reciprocator, the least expensive,
Little Is known about costs of the rotary encine, Although
it has fewer parts than a reclprocator, the housinm |Is a
complex shape and requlres rather special surface treatment,
Its cost schedule was chosen to be halfway between that of
the Otto and Dlesel englines', An enrine spares factor was
included for all the engines (Table IXIXI ). For thke
reclprocating and simple turbine englines, the spares
factors were based on current Army experience, For the other
engines, they are more or less speculative, The ratio of
engline cost/ alrframe cost for some current turbhine -
powered hellcopters varied from 0,15 to 0,20 , A value of
0.15 was used In the study for the turbline- powered alrframe




with a 1ift capabllity of 8 1h/HP, The resultine 4/1b
fleure was then applled to the other enrines' airframes.
Englne malintenance cost accounted for the scheduled
overhauls based on the MTBN's In tahle II. Overhaul costs
were taken to be 30 percent of Infitlal cost for the simnle
and regenerative turbline, and 50 percent of the initial cost
for the reciprocating and rotarv enslnes.

Fuel costs assumed prices of 20¢&/ pgallon for JP fuel, 1M¢/
gallon for dlesel, and 27¢/ «allon for 100- Octane aviation
gasoline, These prices are current, local industrv fiesures
for untaxed, bulk quantities.

From data in reference 3, fllght crew costs vwere hased on
$39 200 per aircraft per vear. The assumptions and results
of the cost calculatlons are surmarized in Table TII for
1000 HP, '

RESULTS AMD DISCUSSIN!
Specific Enmines
For the 1000 HP base case, finure 11 «ives the weipht

breakdown of alrcraft powered by each of the encine tynes.
Airframe welght Is essentiallvy constant ane only a

relatively small amount of fuel Is reauired, Thus
approximately 4600 1b remaln 1In every case to he divider
between payload and enrine + transmission weight. It s

clear that payload (and hence number of aircraft) depends
primarily on engine specliflc welght, l!'nder the present
assumptlions, the turbhlne pavinad Is 84 nercent «reater than
the Dlesel, 8 percent msreater than the rotary, and 17
percent greater than the reciprocatine Ntto,
Correspondingly, the Dlesel requires 1542 aircraft, the
rotary 1092 aircraft, and the O0Otto 1174 alrcraft to equal
the carrving capaclity of 1000 simple turboshaft alreraft.
The regenerative turhline doesn't achlieve enounh of a fuel
saving ina 1 hour mission to offset the welght penalty
assoclated with the regeneratnr.

The effect of ensine size on the nunher of aircraft Is shown
In figure 12(a). This flrure simply reflects the relative
increase In engine specific weleht with decreasine en~ine
size for the different enrlne tvpes, The correspondine cost
results are presented In figure 12(b) where 10 year, life-
cycle costs for depreclation (=Inltlal eost), flight crew,
engine malintenance, and fuel are compared for 500, 1000, and
2000 HP ensines. The recliprocating encinecs! costs are from
$150 million to $950 milllon above the sirnle «as turbhines',
Thelr low Inftial cost per enmine and the Diesels' low part-
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power SFC are not enougl Lo male up for the larger number nf
aircraft required because of thelr low pavload fraction. To
just match the turbine costs, the 1000 HP Plesel vould need
to have a specific welsht of 0,59 1b/HP. The rotary enrine,
also with low initial cost, hut with a specific weight
rotichly tuwo~ thirds that of a reciprocating encine, secms to
be the most promising competitor to the e«as turhine,

The sensitivity of the results to nission duration, annual
utilization, fuel price , and 11ft/HP are shown in the next
four figures, As misslon time Increases, and the fuel
fraction becomes lareer, 1t might bhe ocxnected that the
enmines with lower SFC (relative to the simnle turhine)
stand to e«ain, and those ulth higher SFC stand to lose,
Fieure 12 shous this happening in the case of the rotary,
the Otto, and the reeenerative turbhine. The rerencrative
turhine faor instance, beelns to pav rfor Itself at a mission
time of just under 2 hours. The Diesel's hehavior with
increasing mission time doesn't follow this reasonine,
however. To understand why, figure 11 shoul he recalled,
For each englne type, a fixed portion of the eross weight is
divided into fuel and npaviecad, Each en~inn's fuel an-
payload fraction is fixed because eneine +  transmission
weleht does not vary vyith nission time. By exnressine the
payload as the difference between this fixed weight fraction
and the mission fuel, and combinine this with the fact that
nunher of alrcraft is inverselv proportional to paylnad, a
sinple expression for relative number of aircraft can be
ohtained. tlhether this expression produces an increasine or
decreasing function with increasing mission time denends on
twvo parameters - the total capaclty for fuel ( = fuel +
payload fraction, where pavioads=0 ) as well as rate of fuel
consumption. Put 1In simnler terms, It depends on how fast
the payload fraction is shrinking as fuel disnlaces navioad
with iIncreasing mission time., The Diesel's pavinad + fuel
fraction Is so tow that even with its e«ood SFC, its navioar
fraction decreases at a faster rate than the turbine's,

The effect of utilization rate Is shoun In ficure 1L, Total
yvearly pavioad will Increase with utilization since the
numher of production turbine alrcraft Is aluavs 1000, As
utilization rate increases, tun onnnsing effects come Into
play. Yearlv maintepance and furl costs ner alrnlane rise,
but the flieht hourly attrition rate (i.e., 5 alrecraft/
100 000 flieht hours) means fewer alrcraft are left from the
infttal production numher, In the case of total malntenance
and fuel, the first effect Is rcreater, and thene costs,
thernrfore, Increase. Initial cost, unaffected hy any flialt
hourly expense, remains constant. Crewv costs see onlv the
alrcraft attrition effect, and therefore decrease, Flgure
15 showus the effect of doubling the furl cost. The en~ine
that it affects the most Is the rotary, 'those fuel costs are
already the highest, Aside from this, however, the overall




comparison was not changed significantly. Figure 16 shous
the effect of perturhbling the 11ft/HP orieinally assumed, As
1ift/IIP  Increases, the enrine becomes a less slanificant
part of the gzross welght, and the effects of uvelesht
differences between engline tvpes hecome less Imnportant. This
trend can be seen Iin figure 1hG(a) where the difference in
number of alrcraft between the turbine and the other en~ine
tynes decreases as 11ft/HP Increases, The NDiesel benrfits
the most from thls effect since its ennine is snuch a laree
part of the gross welesht to bherin with, The consts, fiecure
16(h), reflect the same trend, The relative standines,
however, are unchanged,

To show the effect on life- cvele costs of tradenffs hetueecn
engine specific welsht, enst, and SFC, table I¥ has heen
included. It gives ratios of A cost dur to a 1 nercent
chanee In two of the variables, In the Niesrl's case, for
examnle, a 1 percent decrease In specific wveight is
equivalent to about a 5 percent decrease In SFC.

Parametric Ennines

As aother engine concepts arise, or technolory advances occur
or are predicted, the choice of an optimum en7ine type ninsht
nossihly change. For Instance, the effects of comhinine the
Niesel’s low SFC with the rotary enrine's low weight and
caost night be examined.

To facllitate the quick evaluatlion of these new or pronosed
concepts, figures 17 and 18 have bern provided, These
fisures can be used to calculate the relative costs of 10N
HP engines not expliclitly covered 1In this study., The base
case parameters and misslion and welght assumptions are built
into these fleures. Glven an SFC and an en~ine ¢
transmission specific weight, firure 17 vill yield relative
nurnber of alrcraft for constant total paylnad., The stndy
engines are indicated on this nlnt., Glven the SFC, enst of
fuel, and an engine + malntenance cnst (8/HP), the nomnsran
in figure 18 ylelds total cost ner alrcraft/ airframe cost.
Multinlying this hy the relative number of ailrcraft, ma'ine
the approximation that alrframe consts stay about constant
for different enegine types, and ratioinn the results mives
the relative total costs:

/Totnl cost/ alrcraft\
\Alrframe cost /1

\
(Rel. 4 of alrcrafq
1 Total Cost 1

(Rel. # of alrcraft: Total Cost 2
V9

(Tntal cost/ alrcraft\ '

Alrframe cost ]2

A———— o

i omYs hmim




To i1lustrate the use of the nomogram, suppose a 1000 HP
turbine and 0Otto reciprocatiing ensine are to he comnared,
If the turbine burns JP4, 1Its SFC Is 0,52, and en~ine +
maintenance coste Is $132/HP, then figure 18 yields 1,815
as total/ alrframe cost. Since the turbine is the reference,
the relative number of alrcraft Is 1.0 . If the Otto en~ine
burns aviation gas, has an sfc of 0,47, and the enecins »
maintenance cost Is 8100/HF, the nomneran eives 1,20 [or
total/ alrframe cost. From fleure 17, the relative n. aher
of Otto- powered alrcraft is 1,162 and therefore:

(Total Cost) Otto (1.80)(1.162)
= = 1,152

(Total Cost) Turbine (1.815)(1.00)

CONCLUMING NENMAPKS

Based on the assumptions of this preliminary study, the
simple turhoshaft engine appears to he the rnost sultabln
poverplant for an Army utllity hellicopter. The
reciprocating engine's low Initlal cost cannot offset the
effect that its poor rayload fraction has on the total
nunber of alrcraft required., Unless the nmission fuel
fraction becomes larre, or fuel price structure drastically
changes, the Diesel's additional advantazse of ool SFC
cannot offset Its poor pavload fraction. The rotary enrine
seems the most llkely competitor to the =as turbhline. The
additlional cost and welsht of the regencrative turbine nlves
it the advantage over the other encines only when the
mission time Is increased to mare than 2 hours,

» Note: the engine ¢+ malntenance cost on scale N g
arrived at by the followineg formula,

E+rC = 1C(1.+SF+0NCxNN)

ithere: E+MC = engline ¢+ malntenance cost , S/HP
Ic initial cost of en~ine , /NP
SF = gpares factor
0C = ¢nst/overhaul as fraction of Initial cost
HO = number of overhauls In 10 years
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